Abstract-This text describes the design of an oscillating foil ship propeller and the experiments performed on it. The flapping foil propeller mimics the tail fin of fish that swim at high speed, like tunas or sharks, in at least two ways: the hydrodynamics and the flexible driving mechanism. The motion of the foil is a combination of a heaving and a pitching oscillation, with a phase difference. The wake behind the tail of a fish has a special structure called the reversed von Kármán street. If the motion parameters are well chosen, the wake behind the flapping foil has a similar structure, resulting in positive thrust force and high propulsive efficiency. The driving mechanism uses flexibility to reduce the number of actuators from two to one. The pitching motion happens passively under the influence of the hydrodynamic forces on the foil. A counteracting spring, with adaptable pretension, assures optimal pitching amplitude under different circumstances.
I. INTRODUCTION
One of the main goals of research project MRN08: "Study of Unmanned Surface Vehicles" is to develop a new type of ship propulsor for Unmanned Surface Vehicles (USV). The USV will be used in Mine CounterMeasure (MCM) operations. Since many types of naval mines sense the noise produced by ships, it is advantageous to keep the underwater noise level low or at least mask it. Bio-inspired oscillating foils are very promising and subject of active research in fluid dynamics and biology research centres throughout the world.
A. Literature review
During millions of years of evolution, fish and marine mammals have developed remarkable propulsion strategies, that have fascinated biologists as well as fluid dynamicists. Depending on the environment of the species and limited by physical and genetical constraints, a wide range of mechanisms can now be observed. Several authors have attempted to classify the propulsion mechanisms. Webb classifies all swimming vertebrae in four classes [59] . Class A uses body and/or caudal fins (BCF) for periodic propulsion and is best suited for long-term swimming at relatively high speeds. Class B uses body and/or caudal fins for transient propulsion, well suited for quick starts and turns. The bodies of members of this class are flexible and have a large tail area. Class C uses median and/or paired fins (MPF) for slow swimming and precise manoeuvring, and has better efficiency at low speeds. Members of class D swim only rarely, and are of little interest to our study.
The more recent paper by Sfakiotakis et al. [48] gives an excellent overview of the further subdivision of the BCF and MPF swimming modes, as they are originally defined by [8] . MPF swimming can be done by different appendages, like the pectoral, dorsal or anal fins, or combinations of these. Rays [46] swim by passing a running wave through their pectoral fins (rajiform), the bluegill sunfish [21] makes a rowing motion with its pectoral fins (labriform), some fish pass running waves past their long dorsal of caudal fins (amiiform) and gymnotiform, while others oscillate these fins (balistiform) [35] .
The BCF subclasses differ in the relative amount of propulsive work that is done by the tail fin. In the one extreme, called anguilliform, almost the whole length of the body forms a running wave and contributes to the propulsion. This class is named after the eel, which is known to migrate long distances. In the other extreme of BCF swimming, the fore part of body remains almost undeformed, while the tail sweeps the caudal fin left and right. The tuna, a very fast cruiser, is a good representant of this swimming mode, hence it is called thunniform swimming. In between these two extremes there is a whole range of swimming modes, for example the carangiform and the subcarangiform, with intermediate performance characteristics.
Rosenberger and Westneat [46] divise the spectra of BCF and MPF swimmers as being more undulatory (rajiform, anguilliform) or more oscillatory (balistiform, thunniform). They [47] define undulation when more than one wave length is present on the body or the fin, while during oscillating less than half a wave length is present. Undulatory swimming gives the fish a high degree of manoeuvrability, because large sideward force components are generated [30] . The disadvantage is a low propulsive efficiency at high speeds [6] , [35] , [56] . One of the most distinct and useful characteristics of undulatory swimming is the low disturbance of the water, hence it is sometimes called a stealth swimming mode [10] . Oscillatory swimming fish can reach higher a speed and have a higher propulsive efficiency at these speeds [6] , [47] .
Biologists and fluid dynamicists have applied a wide range of experimental and computational methods on various natural and artificial fish-inspired propulsive mechanisms. Below, an overview of the most important contributions is given. Since the carangiform mode is our main interest, the review of literature concerning other swimming modes is limited.
Lighthill [34] fomulated an elongated-body theory for the calculation of hydrodynamic forces on fish swimming in carangiform mode. One of the conclusions is that a long, slender tail fin, flapping with a small amplitude, guarantees high efficiency at high speeds because the tip vortex losses are limited.
Early panel method computations by Blake [6] of the pectoral fins of the angelfish show that for labriform swimming most of the power and thrust are generated by the outer part of the pectoral fins. A distinction can be made between a power stroke and a recovery stroke. During short periods of the flapping cycle, a small amount of negative thrust is generated.
Webb [60] describes the motion of the pectoral fins of seaperches as follows. During the abduction phase, the fin peels from the body and the tip moves down and forward. A bending of the fin can be seen in sideview. The leading edge is under an angle of attack and thrust and lift are generated during this phase. During the adduction, the leading edge is lifted and retracted until it is again against the body. This motion generates positive thrust and negative lift. The last phase is the refraction, during which the fin rotates while staying in contact with the body. At higher swimming speeds the refractory phase is shortened. The abduction and adduction are more or less equal in duration. The pectoral fins have a rather rigid leading edge and a more flexible rear part. Later, Webb [61] studied the kinematics of the body and fins of rainbow trout and tiger musky in a flow tank, both carangiform swimmers, by manually analyzing video recordings. Thrust, power and efficiency were derived from the kinematics using Lighthill's theories. In general, the flapping frequency is proportional to the swimming speed, while the wave length of the body is independent of it. The lateral recoil is seen as one of the main reasons for low efficiency. It can be damped by minimizing the sideward force on the body or by increasing the frequency of the tail beat. Both measures influence the thrust force. The increase in thrust because of a higher fequency can be compensated by other measures, like a smaller wave length, a smaller fin or a smaller amplitude of the tail beat.
Three decades of research at the Liquid Life Laboratory of the West Chester University resulted in more than one hundred publications concerning mainly marine mammal swimming. Beacause of this large amount of material, only a selection is presented here. Most marine mammals swim at high speed using the caudal fin, sometimes assisted by the flippers. A good example is the bottlenose dolphin, which reaches high propulsive efficiencies [15] . The swimming mode can be described as thunniform, although the tail oscillates vertically, instead of horizontally. Dolphins tend to save energy by adapting their swimming behavior. Two of their strategies are porpoising, periodically jumping out of the water to enjoy an instance of no-drag, and wave riding, a way to extract energy from the turbulence in the water, generated by surface waves or even ships [13] . One of the conclusions of a video study of swimmig harp seals is that oscillating hydrofoils appear to perform more efficiently at high angles of attack than steady hydrofoils [14] . Slight curvature of the leading edge prevents premature separation of the boundary layer, but too large sweepback angles (> 30 • ) will decrease the efficiency. Observations of a series of mammals show that the boundary layer is turbulent. At low speeds, paddling will be more efficient, while at higher speeds, lift-based propulsion is the preferred mode [16] , [20] . Water tunnel tests and computations of static flippers by [62] also show the excellent hydrodynamic performance. Precise measurements of the pectoral flipper a humpback whale by Fish and Battle [17] and of the tail fin of different species of whales by Fish [18] show that they all have a shape that is known to have good hydrodynamic characteristics, like a streamlined profile with a rounded leading edge and a tapering trailing edge, a high aspect ratio, a chord and thickness that decrease towards the tip and an almost elliptical planform. In addition to this, tubercles on the surface of the pectoral flipper of the humback whale postpone stall conditions because the vortices generated by them exchange momentum within the boundary layer to keep it longer attached. Hence higher angles of attack can be reached without stall. Wind tunnel experiments on airfoils by Miklosovic et al. [39] , with and without tubercles, confirm this. Interesting ways to reduce the friction drag have been developed by marine mammals. They include the addition of a mucus (a solution of long-chain polymers to the water), riblets (streamwise microgrooves), pores in the skin to stabilize the boundary layer and the natural heating of the water by the body [19] . The swimming motion of marine mammals is constrained by the morphology of the body. For example, the amplitude of the tail motion is limited, as well as the maximum power and instantaneous force that can be delivered by the muscles. Within these 9th National Congress on Theoretical and Applied Mechanics, Brussels, 9-10-11 May 2012 constraints, the animals try to swim as efficiently as possible. Analysis of video recordings shows that all marine mammals that where tested by Rohr and Fish [45] swim at Strouhal numbers in the range of 0.2 to 0.4. The Strouhal number is defined as
with f the frequency of the oscillation, A the width of the wake, estimated as twice the heaving amplitude and U 0 the incoming velocity. Walker and Westneat [56] divide labriform swimming in drag-based rowing and lift-based flapping. In between is a whole range of creatures with a swimming motion that combines both effects. Classically seen, rowing is completely drag-based, but observations of the threespine stickleback, a rowing fish, show that there is also a lift component. The power stroke in rowing is parallel to the swimming direction, while the recovery stroke is a more complex motion, with peeling-off of the fin from the body [53] . Rowing gives more thrust at low swimming speeds than flapping and is also very practical for hovering. The pitch angle of the pectoral fin varies following a rectangular wave in time. The bird wrasse, a typical flapping swimmer, moves its pectoral fins perpendicular to the swimming direction. The tip makes an oblique figure-eight pattern relative to the fish body [64] . Time-varying pitch angle, area and curvature can also be measured. Flapping is more suitable for swimming at high speeds [55] . The angle of attack and the pitch angle vary sinusoidally in time. Two hydrodynamic effects contribute to the force on the fin: a pressure difference between upper and lower surface, and a vortex around the fin [57] . Often a burst of energy is observed, followed by a period of free floating. This is not a more efficient way of swimming than constant motion, but happens because of the morphology of the fish.
Computerized analysis of high speed videos of swimming and passively oscillating tadpoles by Wassersug and von Senckendorff Hoff [58] , unsteady potential flow analysis, incorporating fin flexibility by Combes and Daniel [9] [11] and particle image velocimetry and kinematic measurements by Tytell [51] show that the performance is influenced by the kinematics as well as the shape (aspect ratio, variation in chord length, thickness, geometry of the cross section, variable camber). Simulations by Liu et al. [36] of a tadpole that swims like a fish, hence with less extreme sideward motions, show a lower thrust and friction drag.
Static foils at high angle of attack suffer from the stall phenomenon: a decrease in lift due to separation of the leading edge vortex [1] . When a foil is oscillating, the stall is largely delayed: the separated leading edge vortex temporarily reattaches to the foil surface. This phenomenon is Fig. 1 . A foil in combined heaving and pitching motion called delayed or dynamic stall [12] . Under optimal motion parameters, a reverse von Kármán street can be seen in the wake. The difference with a normal von Kármán street is that the vortices are inversely oriented, and that a central jet is generated. The body (the foil) experiences thrust instead of drag. Under less optimal conditions, secondary vortices are also shed, partly destroying the reverse von Kármán street and reducing the thrust force and the efficiency.
A series of linked elliptical vortex rings was observed during PIV experiments by Nauen and Lauder [40] on a mackerel, a caudal fin swimmer. This is the threedimensional version of the reverse von Kármán street [52] . The heigth of the vortex rings was approximately equal to the fin span, while the length of the rings was dependent on the swimming speed. Between the rings, a strong jet was generated. Forces were calculated from the observed circulation in the wake. The lateral forces were approximately the double of the thrust force, and the pitching moment due to these was probably balaced by the pectoral fins in steady forward swimming. The inclination of the vortex rings with respect to the vertical symmetry plane of the fish differs significantly between different carangiform swimmers. The higher the inclination angle, the higher the ratio of the maximal lateral force to the maximal thrust force. Even labriform swimmers, with a completely different morphology and swimming motion, have a similar wake structure [31] .
B. Current research
The desired motion is a combination of heaving and pitching. The heaving motion is a sinusoidally varying sideward displacement of the foil. The pitching motion is a sinusoidally varying rotational angle of the foil around a spanwise axis. Between the two motions, there is a phase angle of about 90 • . Figure 1 illustrates these motions. The fin is an unflexible foil. An overview of fish swimming speeds by Bainbridge [3] shows that this motion yields excellent swimming speeds and efficiencies.
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The hydrodynamics, and more specifically the generated forces on these oscillating foils are studied using Computational Fluid Dynamics in Section II. The forces on an oscillating hydrofoil, driven by a special mechanism, are measured in Sections III and IV.
II. COMPUTATIONAL FLUID DYNAMICS
In order to have a better understanding of the complex wake and force generation of oscillating foils, Computational Fluid Dynamics (CFD) simulations have been made. Two validation cases prove the validity of our methodology. Case 1: Read et al. [44] performed force measurements on a stiff heaving and pitching foil. Since the tips were covered with large end plates, which moved along with the foil, the flow field is almost two-dimensional. Case 2: Heathcote et al. [23] performed force measurements and Particle Image Velocimetry (PIV) of heaving foils of different flexibility. Since the Reynolds number is in the range of our interest, the case of the stiffest foil is a good validation case. This is a three-dimensional validation case.
The main difficulties in the simulations are the moving foil and the complex flow characteristics. The motion of the foil was captured by a moving mesh method that allows large linear and rotational displacements, while conserving a good mesh quality. The complexity of the flow requires an advanced turbulence model.
A. Computational setup
The open-source CFD software OpenFOAM-1.6-ext was used for the simulations [41] [63] . Gradients and divergences were linearly discretized, time discretization is implicit Euler. The time step is adapted at run time, limiting the Courant flow number to 0.5. The cases were run for five motion cycles, to completely eliminate transient behaviour. The PIMPLE algorithm, which is a blend of PISO and SIMPLE, was used. More information on the discretisation schemes and the solvers can be found in the OpenFOAM User Guide [41] and [26] .
The simulation have Reynolds chord numbers of 40, 000 (case 1) and 30, 000 (case 2). Locally, the flow will have much higher velocities than the incoming velocity, since the foil is oscillating fast. A complex vortex-shedding pattern has been observed for even slightly oscillating foils.
Common turbulence models (algebraic models, kε, and kω) are not capable of tracking boundary layer detachment [66] . Several authors have used Menter's kω SST model for pitching foils [50] [38] . Kim et al [27] compared six different two-equation models for turbulence of a typical detachment flow, the backwards facing step, for a Reyolds number of about 38, 000. The skin friction and pressure coefficient, our main interests since they determine the forces Fig. 2 . The mesh for case 1 on the foil, were best captured by the standard kω and the kω SST model. The latter proved to generate a more realistic flow field. In the boundary layer a wall function, conform the theory of Wilcox [66] was applied. A Large Eddy Simulation (LES) would be a good choice as well, but requires more computational time and power, and is not really applicable to a two-dimensional mesh.
If L and T are the lift and thrust forces on the foil, then the lift and thrust coefficient are defined as c L = , with ρ the density, U 0 the inflow speed and cs the surface of the foil (chord * span).
B. Mesh
The foil's motion is rather wide and consists of a rotational and a translational component. A new class was written in order to keep a good mesh quality at all foil position. The foil is surrounded by a cylindrical inner part of the mesh. The cylinder fits in a hole in a rectangular outer mesh. Between the two parts of the mesh, a mapping of the variables is done using Generalized Grid Interface (GGI) [7] . The mesh of the cylinder moves as one block, while the outer mesh deforms as the cylinder moves inside. Figure 2 shows a detail of this mesh.
Four different mesh sizes were tested for case 1: 3k, 6k, 12k and 24k cells. The local continuity errors for these runs were calculated. The coarsest mesh did not converge; the second coarsest mesh has very low errors; the errors of the two finest meshes cannot be distinguished anymore. Figure 3 shows the time history of the residuals of the continuity equation for the different mesh sizes. Hence, the mesh with only 12k cells is optimally refined.
C. Case 1
A NACA0012 with chord length 100 mm and span 600 mm is driven to make a combined heaving and pitching motion. The pitch axis is 1/3 chord length behind the leading edge. The heave amplitude is one chord length, the pitch amplitude 26 • , the frequency 0.8 Hz and the phase 9th National Congress on Theoretical and Applied Mechanics, Brussels, 9-10-11 May 2012 
D. Case 2
Heathcote et al.
[23] studied three-dimensional NACA0012 foils of varying spanwise stiffness, with a chord length of 100 mm and a span of 300 mm. The motion is heave only, with amplitude of 100 mm and a frequency of 1.74 Hz. We simulated the case of the stiffest foil, which is called inflexible, although it had a small measurable tip deflection. The Reynolds chord number is 30,000, and this foil is one of the rare three-dimensional experimental validation cases found in the literature with an Re in our domain of interest. Real three-dimensionality means that at least one of the foil tips is free, such that tip vortices can appear. In most experiments with moving foils, including this one, only one tip is free. The other one is most often attached to a moving wall. In this case, the foil is attached to a bar that sticks through a slit in the wall, hence the wall acts as a symmetry plane. The mesh is basically a spanwise extrusion of the structured mesh of case 1. In the zone next to the wingtip, this would give a hollow part in the mesh, with the same shape as the foil. Since a foil shape is difficult to fill with a structured mesh, we place an unstructured prism here. Figure 6 shows the resulting hybrid mesh. Figure 7 shows that the calculated and measured thrust coefficients compare reasonably. Lift coefficients are not given in this reference.
III. EXPERIMENTS ON A VERTICAL, SURFACE-PIERCING, HEAVING AND PASSIVELY

PITCHING HYDROFOIL
A. Experimental setup and methods
The foil is a rectangular NACA0012 profile with a chord length of 50 mm and a span of 200 mm. The foil span is submerged for 150 mm. The heaving motion is driven by a motor and a reversed crank-rod mechanism, as depicted in Figure 8 . This means that the heaving motion is not really linear, but is a variation of the rod angle θ r in function of time:
9th National Congress on Theoretical and Applied Mechanics, Brussels, 9-10-11 May 2012 For good propulsive characteristics, the pitch angle should vary sinusoidally in time, with a phase lag of about 90 • to the heaving motion. Fortunately, the heaving motion raises a hydrodynamic moment on the fin, that varies almost like this, and is used to drive the pitching motion. If we would let rotate the foil freely, and if we assume that the moment of inertia is negligible, the foil would always rotate until the total hydrodynamic force goes through the rotational point. This would mean a negative thrust. Hence, to counteract the hydrodynamic motion, an eccentric spring is added. The spring pretension can be regulated manually by means of a worm gear.
The motor is a 200W brushless Maxon EC-powermax motor, driven with an EPOS2 controller and supplier software on a PC. Eight 120 Ω waterproof strain gauges are attached to and around a flexible structure on the the pitch axis in groups of four. Each pair of gauges facing each other is coupled through a half-bridge for temperature compensation. The four signals of the half-bridges are processed to the two horizontal force components: one parallel (thrust) and one perpendicular (lift) to the average crank position. The positions of the rod and the crank are known from the motor motion, while the position of the pitch axis is measured by an Avago HEDS-5540-A11 optical incremental encoder with 500 pulses per rotation. The analog signals of the half-bridges are amplified and digitized by a National Instruments USB-6216 data acquisition system, and together with the square waves of the encoder transmitted to the PC through a USB interface. The data are logged by a Virtual Instrument written in LabView, and processed and visualized by a program written in Octave. At least 20 motion cycles where logged for each run.
The parameters of the experiments are the frequency and the pretension of the spring. Since the inflow speed is zero, the Strouhal number cannot be defined, so absolute frequencies are used instead. The lift and thrust coefficients are defined as in Section II, with U h the average heaving speed of the foil over all experiments and s the span of the submerged part of the foil.
The still water tank is a basin of 1200 mm length (parallel to the foil in its initial position), 1000 mm width and 800 mm depth.
The rod length is 10 mm, the distance between the motor axis and the rotational axis of the crank is 100 mm, the distance between the rotational axis of the crank and the pitch axis is 430 mm, the distance between the spring attachment point on the rod and the pitch axis is 90 mm and the distance between the pitch axis and the spring attachment point on the fin assembly is 30 mm. Since a large moment is needed to rotate the foil, the foil pitches around a point half a chord (25 mm) upstream of the leading edge. The spring has an unloaded length of 25 mm and a stiffness of 0.048 N/mm.
In this series of tests, the non-dimensional heave amplitude This results in 81 runs.
The force coefficients are averaged over at least 20 recorded motion cycles. The instantaneous input power is
with L the lift force. The average power coefficient is
with P the power averaged over at least 20 motion cycles.
In agreement with Read [44] , the propulsive efficiency is then simply given as
A second-degree polynomial least-squares surface was fitted through the data to smoothen outliers away. This surface has equation
where z can mean c t , c L or ν. The parameters β i are found using the ordinary least squares, i.e. minimizing the sum of the squares of the errors
The methodology is described in [37] .
B. Results and discussion
A typical motion cycle has an almost sinusoidally varying pitch angle and force coefficients. The frequency of the thrust and the power is twice the motion frequency. Figure 10 shows the variation of the thrust, lift and power coefficients over one cycle for a frequency of 1.1 Hz and a spring pretension of 0.4 N. This cycle is the average of 20 measured cycles.
It is most interesting to observe the trends of the pitch angle amplitude, the phase difference between heaving and pitching motion, the thrust coefficient and the efficiency for the whole parameter domain. Figures 11, 12 , 13 and 14 provide us with contour plots for these quantities. As can be seen, the pitch amplitude decreases with spring pretension for all frequencies. The phase difference iss always higher than 90 • , but it reaches its lowest values for for high spring pretensions and moderate frequencies.
In studies with driven pitching motion, increasing the pitch amplitude almost always leads to higher thrust. This trend is not valid for our design, and this is mainly because, when the pitch angle increases (lower spring pretension), the phase difference grows to high values. Hence, for a given frequency, the highest thrust can be found at a certain optimal spring pretension. The pretension for maximal thrust seems to increase with frequency, but the data set is too limited to conclude this with certainty. The efficiency is highest at low frequencies and higher spring pretensions (lower pitch angles), conform the literature.
IV. EXPERIMENTS ON A HORIZONTAL, HEAVING AND PASSIVELY PITCHING HYDROFOIL
A. Experimental setup and methods
The desired motion is once again a combination of heaving and pitching, as in Figure 1 .
The same foil as before is used, but with a different driving mechanism. The heaving motion is now vertical and driven by a motor and a Scotch yoke mechanism, as depicted in Fig. 15 . At constant motor speeds, the heaving 9th National Congress on Theoretical and Applied Mechanics, Brussels, 9-10-11 May 2012 h(t) = h 0 sin(2π f t)
with h 0 the heaving amplitude, which is equal to the crank length and f the heaving frequency, which is equal to the motor's number of rotations per second. Again the pitching happens passively. Figure 16 shows the passive pitching mechanism. The foil rotates around an axis parallel to its span. The rotational point has to be upstream enough to make sure the hydrodynamic moment works in the right way, and it has to be higher than the center of mass of the foil to stabilize it. Its position is slightly above the leading edge. The foil is balanced by a counterweight, so that in unloaded condition in water, it is horizontal. As before, the rotation is counteracted by a spring with adaptable pretension.
The motor and the driver are the same as before. In this series of experiments, two pairs of 120 Ω waterproof strain gauges are attached to and around a flexible struc-ture that is mounted between the heaving and the pitching mechanism. The signal conditioning and data handling are similar to those before. The pitch angle is not recorded, because the pitch axis is under water.
The parameters of the experiments are the frequency f and the nondimensional depth
where D is the absolute depth of the foil at its highest position in the oscillation cycle. Since the inflow speed is zero, the Strouhal number cannot be defined, so absolute frequencies are used instead. The thrust and lift coefficients are defined in Section III. The heave amplitude is one chord length. The vertical distance from the leading edge to the rotational point is half a chord length. The distance between the rotational point and the lower attachment point of the spring is one chord length. The distance between the attachment points of the spring is three chord lengths. The spring is the same as in Section III. The pretension is kept constant at 0.3 N. From the experiments on the vertical foil, this is known to yield high thrust and efficiency.
The heave frequency range is 0.6 to 1.4 Hz with 0.1 Hz increments. The depth, as defined in eqn (8) ranges from zero to two chord lengths, with half chord length increments. This results in 45 runs.
The force coefficients are averaged over at least 20 recorded motion cycles. The efficiency is defined as the average of the ratio of the thrust to the absolute lift:
with n the number of measurements. The data are smoothed as in Section III.
B. Results and discussion
Observation of the trends of the thrust and lift coefficients and the efficiency for the whole parameter domain, learns us what the influence of the parameters on the perfomance is. This can be done graphically, by studying the contourplots for these quantities in Figures 17, 18 and 19 . As can be seen, the highest thrust and lift coefficients occur at average frequencies. What is even more interesting is that at small water depths both coefficients are higher than in deeper water. Since this trend is stronger for the lift than for the thrust, the highest efficiency can be found at an average frequency and a depth around half to one chord length. The average lift coefficient becomes very negative in this zone, meaning a lift force that is mainly upward (our y-axis points downward), and thus an upstroke that demands less effort than in deep water. This is probably the explanation for the high efficiency. A second way to interprete the data is to observe the equations of the regression surfaces: From this matrix we can see that the thrust and lift coefficients are mainly linearly and quadraticaly related to the frequency, and almost linearly related to the depth. c L is also related to the product f d. The efficiency is strongly related to all powers of the frequency and depth, except for d 2 . This means that, as could be expected, the frequency has more influence on the perfomance than the depth, and that optimal conditions mainly depend on the former.
If the proximity of the free surface is beneficial for both the thrust and the efficiency, than why do marine mammals, who swim with a horizontal tail, do not prefer to swim near the surface? All bodies near the free surface have additional, surface making drag, and the gain in propulsive efficiency is probably not high enough to overcome this.
V. CONCLUSIONS
The hydrodynamic characteristics of oscillating foils have been studied using CFD and experimental methods. The good comparison between CFD results and the literature show our capability to calculate the forces accurately, for foils with prescribed motion that are completely submerged. The experiments on vertical and horizontal foils are promising, in that the passive pitching mechanism can yield high thrust and efficiency. Whether it is better to use a vertical, surface-piercing or a horizontal foil is not yet sure, since the experiments were done in still water.
